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T i t l e :  Research on Grav i t a t iona l  Mass Sensors 

Period : 15 June 1965 t o  15 J u l y  1965 

I. A CCOMPL I SHMENT S 

The vacuum leaks  were el iminated from t h e  chamber holding the  
s o l i d l y  mounted sensor  and the  u n i t  w a s  shipped t o  Cambridge 
Thermionic Corporation (CAMBION) i n  Cambridge, Massachusetts,  t o  
t es t  i t s  compa t ib i l i t y  with t h e i r  t h ree -ax i s  magnetic support .  
A v i s i t  w i l l  be made by Robert L.  Forward t o  CAMBION on 2 August 
t o  d i scuss  the  r e s u l t s  of t h e i r  tes ts  and t o  inves t iga t e  the  f e a s i -  
b i l i t y  of f u t u r e  cooperative e f f o r t .  

A i r  leakage through the s l i p  r i n g s  i n t o  t h e  vacuum chamber 
has  been a cont inuing problem. It has  been poss ib l e  t o  stop t h e  
leaks  by applying generous amounts of Olyptol  t o  the  s l i p  r ings  
u n t i l  they  s top  leaking and then cleaning the  excess o f f  t h e  
con tac t s  t o  r e s t o r e  e l e c t r i c a l  con t inu i ty .  However, t h i s  i s  n o t  
a s a t i s f a c t o r y  long-term so lu t ion ,  so some small 8 p in  hermetic 
glass- to-metal  feed-throughs were purchased and t h e  s l i p  r ing  
mount i s  being redesigned so t h a t  t h e  vacuum i s  maintained by the  
hermetic seal r a t h e r  than the s l i p  r ings .  

A new ad jus t ab le  sensor head assembly has  been f ab r i ca t ed  and 
i s  now being prepared f o r  i n i t i a l  tests. The purpose of t h e  new 
design i s  t o  allow f o r  t h e  separa te  adjustment of t he  va r ious  
sensor  parameters such as arm length ,  frequency and Q i n  o rde r  t o  
achieve b e t t e r  sensor  symmetry than i s  obta inable  wi th  the  p re sen t  
monoli thic  designs.  The new sensor  head c o n s i s t s  of a c e n t r a l  
hub, four  arms and four  ad jus tab le  mass assemblies. The hub i s  
designed t o  clamp the  arms r i g i d l y  f o r  good c ross  coupling and 
ye t  allow the  arm and mass assembly t o  be moved i n  and out  about 
0.070 inch f o r  mass balance of t he  f i n a l  assembly. The arms have 
a 0.125 inch t h i c k  base where they f a s t e n  t o  the  hub and an o u t e r  
bending po r t ion  t h a t  i s  0.030 inch t h i c k  and about 0.70 inch long. 
The ad jus t ab le  masses, which clamp onto  t h e  ends of t he  arms, 
c o n s i s t  of two small masses and a double e c c e n t r i c  which can be 
ad jus ted  t o  va ry  the  e f f e c t i v e  length  of t he  arm and y e t  maintain 
a cen te r  of mass coincidence wi th  t h e  c e n t e r  l i n e  of t he  arm. 
By moving the  masses, t h e  e f f e c t i v e  length  of the  arm can be 
va r i ed  from 0.60 t o  0.78 inch t o  y i e l d  a frequency s h i f t  of 
several cyc les  about t he  design frequency of 100 cps.  
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The arms are p r e s e n t l y  being matched i n  frequency, Q and t r a n s -  
ducer output s e p a r a t e l y  and w i l l  then be i n s t a l l e d  i n  t h e  hub 
f o r  f i n a l  balancing. Since t h i s  sensor  s t r u c t u r e  has a lower 
frequency of operat ion and a b e t t e r  geometry f a c t o r  (see page 
36 i n  Quar t e r ly  Progress Report N o .  2) than t h e  monolithic 
designs,  t he  v o l t a g e  output of t h i s  sensor  due t o  the  g r a v i -  
L ~ L A U ~ I ~ ?  cArr.,. 6LUVIb..- r.rna,nn+ n f  l a rge   earb by objects should be i n  
the range of 20 V .  P 

The s ing le -ax i s  magnetic bear ing support  and d r i v e  fab-  

The servo loop has two resonant f requencies ,  one a t  2 cps 
r i c a t e d  by the  Universi ty  of V i r g i n i a  i s  performing s a t i s f a c t o r -  
i l y .  
and the  o t h e r  a t  8 cps. These are  low enough so t h a t  t he  magnetic 
support  g ives  e x c e l l e n t  v i b r a t i o n  i s o l a t i o n  a t  the  sensor response 
frequency of 170 cps. 
t he  v e r t i c a l  s t a b i l i t y  of the support  i s  good, except f o r  a 
long term d r i f t  which requires  t h a t  t he  servo gain be adjusted 
every few minutes. N o  permanent s o l u t i o n  has  been found t o  t h i s  
minor problem. L a t e r a l  s t a b i l i t y  gave some problem f o r  a while 
as the  r o t o r  tended t o  be s t a b l e  i n  a c i r c u l a r  t r a c k  around the  
cen te r ,  r a t h e r  than j u s t  a t  the cen te r .  This w a s  e l iminated by 
the  i n s e r t i o n  of a sponge rubber r i n g  i n t o  the  damping f l u i d  
surrounding t h e  hanging c e n t r a l  i r o n  core of t h e  support  magnet. 
This small a d d i t i o n a l  r e s t o r i n g  f o r c e  constrained the  i r o n  core 
t o  s t a y  a t  i t s  c e n t r a l  pos i t i on  without prevent ing the  motion 
necessary f o r  l a te ra l  damping. An e x t e r n a l  vacuum chamber i s  
being designed and w i l l  be f a b r i c a t e d  t o  e l imina te  the  drag and 
v i b r a t i o n  caused by the  r o t a t i o n  of t he  sensor  chamber through t h e  
ambient a i r .  

When the  servo loop i s  properly ad jus t ed ,  

Fu r the r  n o i s e  t e s t s  continued on the  a i r  bear ing and the  
magnetic bear ing using a sensor chamber containing one of t he  o l d e r  
sensors  on a t o r s i o n  wire mount. 
ducer on one of the arms was taken d i r e c t l y  out  through t h e  s l i p  
r i n g s  t o  a General Radio p reampl i f i e r  tuned t o  t h e  sensor f r e -  
quency (170 c p s ) .  
i n v e s t i g a t e  t h e  sources of no i se ,  t h e r e  was no at tempt  made a t  t h i s  
s t a g e  of t h e  inves t iga t ion  t o  balance e i t h e r  t he  sensor o r  t he  
sensor chamber or  t o  use phase c a n c e l l a t i o n  on t h e  s i g n a l s  from 
d i f f e r e n t  arms. As was reported i n  the l a s t  monthly r e p o r t ,  t h e  
r e s u l t s  of t h e  s t a t i c  bearing no i se  tests were t h a t  t h e  no i se  
output  of a well  i s o l a t e d  sensor  was about 0.1fiV. 
sensor  was s i t t i n g  on the  workbench the  no i se  was about 0 .2pV.  
With the sensor  l e v i t a t e d  on the  a i r  bear ing the  no i se  was about 
3.0,~V, and w i t h  t h e  sensor l e v i t a t e d  on t h e  magnetic bear ing,  
t he  no i se  was only 0.15pV. 

The v o l t a g e s  generated by a t r a n s -  

Since the primary concern was t o  f i n d  and 

When t h e  
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Bearing noise  tests were then made under dynamic condi t ions .  
These tests were l imi t ed  t o  r o t a t i o n  speeds of about 3000 rpm i n  
the  magnetic bear ing support because of a i r  f r i c t i o n .  The f i r s t  
tests were made by br inging the  sensor  up t o  speed, tu rn ing  the  
d r i v e  o f f ,  and measuring t h e  no i se  output  a t  170 cps a s  t h e  
----- cancnr - - coasted down. The noise  output  of t he  r o t a t i n g  sensor  on 
the  magnetic bear ing s t a r t e d  a t  about 18OpV a t  3000 rpm where 
the re  i s  a minor peak and decreased slowly i n  amplitude t o  4pV 
a t  abbut 300 rpmo wi th  a peak a t  1290 rpm ( 1 / 4  normal r o t a t i o n  
speed) of 180fiV. The noise  output  from the  a i r  bear ing ,  under 
the  same condi t ions ,  s t a r t e d  a t  1 2 O O p V  a t  3000 rpm and decreased 
slowly t o  24,uV a t  300 rpm. 
1200pVr a t  1290 rpm as w e l l  as o the r  peaks t h a t  were no t  seen 
on the  magnetic bearing. In  gene ra l ,  under dynamic a s  w e l l  as 
s t a t i c  tests, the  a i r  bearing is 14 db o r  more noisy  than the  
magnetic bearing. %is excess noise  seems t o  be due t o  the  rush 
of a i r  through the  bear ing and the re  i s  no obvious way t o  e l im- 
i n a t e  t h e  problem. The noise  seen on both bear ings  seems t o  be 
pr imar i ly  due t o  windage (the i n t e r a c t i o n  of t he  r o t a t i n g  sensor  
chamber wi th  t h e  ambient a i r ) ,  This  w i l l  be e l imina ted  i n  the  
magnetic bear ing  by the  addi t ion  of t he  e x t e r n a l  vacuum chamber, 
bu t  t h i s  i s  obviously no t  poss ib l e  f o r  t he  a i r  bear ing.  These 
tests i n d i c a t e  t h a t  t he  magnetic support  i s ,  i n  gene ra l ,  super-  
i o r  t o  t h e  a i r  bear ing  support for our purposes.  

The a i r  bear ing had a noise  peak of 

Another p o t e n t i a l  source of v i b r a t i o n a l  no i se ,  r e l a t i v e  
motion between the  s l i p  r ings  and brushes,  w i l l  be e l imina ted  
by the  design and f a b r i c a t i o n  of a simple te lemet ry  readout f o r  
fu tu re  designs.  

Addlltional no i se  tests were made wi th  the  magnetic support  
d r i v e  on and two add i t iona l  sources of no i se  due t o  the  d r i v e  
f i e l d s  were found. One i s  a genera l  no i se  level increase  due t o  
hash and hum i n  the  d r i v e  ampl i f ie rs .  This  causes  about 3 p V  
of noise  and can only be seen when the  d r i v e  a m p l i f i e r s  are 
turned on, bu t  t he  sensor  i s  no t  y e t  r o t a t i n g .  This no i se  w i l l  
be e l imina ted  by f i l t e r i n g  the  output  of t he  d r i v e  ampl i f i e r s .  
The second i s  a torqueing no i se  due t o  the  i n t e r a c t i o n  of the 
r o t a t i n g  d r i v e  f i e l d  and the remnant magnetic po les  i n  the  
h y s t e r e s i s  p l a t e .  This  no ise  i s  a d i r e c t  func t ion  of t he  d r i v e  
power and f o r  synchronous opera t ion  a t  1290 cps wi th  l a rge  d r i v e  
l e v e l s ,  t he  no i se  output  a t  172 cps can be many m i l l i v o l t s .  
However, i f  t he  d r i v e  i s  lowered t o  a l e v e l  j u s t  s u f f i c i e n t  t o  
maintain synchronous r o t a t i o n ,  t he  no i se  l e v e l  drops t o  the  180 

This synchronous 
d r i v e  no i se  can be our  most troublesome no i se  source s ince  the  
sensor  opera t ion  r equ i r e s  r o t a t i o n  a t  h a l f  t he  sensor  v i b r a t i o n  
frequency, but  t he re  i s  good reason t o  be l ieve  t h a t  i t  can be 
Overcome - 

p V  l e v e l  seen under f r e e  r o t a t i o n  condi t ions .  
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Since the  d r i v e  power requirements a r e  d i c t a t e d  by a i r  f r i c t i o n  
and it is  intended t o  enclose the  sensor  vacuum chamber i n  an 
e x t e r n a l  vacuum chamber i n  the  fu tu re ,  the  d r i v e  power necessary 
f o r  synchronous opera t ion  should be s u b s t a n t i a l l y  l e s s  and the  
noise  should be correspondingly reduced. We are a l s o  purchas- 
ing ar! eight-pole motor t o  see i f  t h i s  w i l l  a i d  i n  reducing the  
v i b r a t i o n a l  no i se  generat ion.  Another p o s s i b i l i t y  i s  t o  d r i v e  
the  motor asynchronously and t o  con t ro l  t he  speed by a feedback 
loop. 

N o  major problems have a r i s e n  which w i l l  m a t e r i a l l y  impede 
the  performance of t he  con t r ac t .  

11. CONCLUSIONS AND RECOMMENDATIONS 

The r e s u l t s  of t h e  t h e o r e t i c a l  and experimental  work 
c a r r i e d  ou t  i n  the  f i r s t  phase of our program t o  i n v e s t i g a t e  
the  f e a s i b i l i t y  of g r a v i t a t i o n a l  mass sensors  a re :  

1. The most promising form of g r a v i t a t i o n a l  mass sensor  
i s  a cruciform shaped spring-mass system. Experimental resul ts  show 
t h a t  i t s  response c h a r a c t e r i s t i c s  a r e  no t  changed appreciably under 
the  necessary r o t a t i o n  speeds. Theore t ica l  s t u d i e s  i n d i c a t e  t h a t  
although the  s e n s i t i v i t y  is  s l i g h t l y  lower than t h a t  of an i d e a l  
sensor  because of t h e  use  of a s t r a i n  t ransducer  f o r  sensing the  
v i b r a t o r y  motion, t h e  vol tage  outputs  ca l cu la t ed  f o r  g r a v i t a t i o n a l  
g rad ien t s  t h a t  can be produced i n  the  l abora to ry  a r e  about 2 O p V  
and should be e a s i l y  measured wi th  ord inary  l abora to ry  equipment 

2. The most promising form of suspension t o  support  t he  
g r a v i t a t i o n a l  mass sensor  i n  the  e a r t h ' s  g r a v i t a t i o n a l  f i e l d  i s  
a magnetic support .  
i t s e l f  is less than one percent  of t h e  expected s i g n a l  l e v e l s  of 
2 O p V .  
motor i n  the  p re sen t  test  se tup  during r o t a t i o n  i s  f a i r l y  high,  
ranging up t o  100 times the expected s i g n a l  l e v e l ,  but  t he  sources  
of t he  noise  are understood and methods t o  decrease the  e f f e c t s  
of these  n o i s e  sources  a r e  known. 
should be less responsive t o  the  v i b r a t i o n s  of t he  sensor  chamber, 
and the  e x t e r n a l  vacuum chamber should g r e a t l y  decrease the  sensor  
chamber v i b r a t i o n s  caused by a i r  turbulence and motor d r i v e  fo rces .  
There is  every reason t o  expect ,  i n  t he  remaidder :of t he  cor. tract ,  
t he  e f f e c t s  of n o i s e  on t h e  sensor  can be reduced t o  the  po in t  
where g r a v i t a t i o n a l  grad ien t  s i g n a l s  can be seen 

The bas ic  no i se  (0.15pV) of the  bear ing 

The n o i s e  introduced by a i r  turbulence and t h e  d r i v e  

The newer, more symmetric sensor  
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It i s  recommended t h a t  Phase 2 e f f o r t  proceed with t h e  
f u r t h e r  study of sensor design, sensor mounting, i s o l a t i o n  and 
readout and d r i v e  no i se  reduction using the  p r e s e n t  s ing le -ax i s  
magnetic bearing and d r i v e .  It i s  f u r t h e r  recommended t h a t  a th ree -  
axis  magnetic bearing and d r ive  be purchased wi th  lower c h a r a c t e r i s -  
t i c  servo frequencies ,  t i g h t e r  t o l e rances  on d r i f t  and t h e  a b i l i t y  
t o  be o r i en ted  i n  any d i r e c t i o n .  
i s  meant t o  be the  cen t r i fuge  and a s soc ia t ed  equipment provided 
i n  t h e  s p e c i a l  t es t  equipment s ec t ion  of t he  Statement of Work. 
The expected c o s t  of t h i s  equipment i s  $15,000. 

This magnetic bear ing and d r i v e  

111. FUTURE PLANS 

The Third Q u a r t e r l y  Progress Report w i l l  be w r i t t e n ,  The 
new s m s o r  design w i l l  be t e s t e d  i n  the magnetic bearing under 
the same s t a t i c  and dynamic condi t ions as the  old sensor t o  inves- 
t i g a t e  t h e  e f f e c t s  of increased sensor symmetry on sensor sus- 
c e p t i b i l i t y  t o  v i b r a t i o n a l  no i se .  An e x t e r n a l  vacuum chamber 
w i l l  be f a b r i c a t e d  f o r  t h e  magnetic bearing t o  i n v e s t i g a t e  the 
e f f e c t  of t h e  ambient a i r  on no i se  generat ion and d r i v e  power 
reduction. The d r i v e  ampl i f i e r s  w i l l  be f i l t e r e d  t o  reduce t h e i r  
con t r ibu t ion  t o  the  no i se .  A simple te lemetry readout w i l l  be 
constructed t o  e l imina te  s l i p  r fng v i b r a t i o n s ,  Af t e r  approval 
t o  continue w i t h  t h e  Phase 2 e f f o r t  i s  received,  arrangements 
w i l l  be made wi th  e i t h e r  the Universi ty  of V i r g i n i a  o r  CAMBION 
f o r  t h e  f a b r i c a t i o n  of a three-axis  magnetic support  and d r i v e  
and f u r t h e r  sensor  head and sensor chamber designs w i l l  be 
constructed.  

Prepared by: 
Robert L.  Forward 
P r i n c i p a l  I n v e s t i g a t o r  


